We report on ground and airborne atmospheric methane measurements with a differential absorption lidar using an optical parametric amplifier (OPA). Methane is a strong greenhouse gas on Earth and its accurate global mapping is urgently needed to understand climate change. We are developing a nanosecond-pulsed OPA for remote measurements of methane from an Earth-orbiting satellite. We have successfully demonstrated the detection of methane on the ground and from an airplane at ~11-km altitude.
INTRODUCTION
Methane (CH 4 ) is the second most important greenhouse gas on Earth and its atmospheric concentration has almost tripled since pre-industrial times [1] . Though its atmospheric abundance is less than carbon dioxide (1.78 ppm vs. 380 ppm), it has a much larger greenhouse heating potential [2] . Methane also contributes to pollution in the lower atmosphere through chemical reactions leading to ozone production. Natural sources of methane include wetlands, wildfires, and termites, and perhaps other unknown but significant sources [3] . Recent observations have indicated that methane levels are on the rise as a result of increased fossil fuel production, rice farming, livestock, and landfills. Accurate knowledge of methane distribution and emissions is imperative for a correct assessment of its impact on global change [4] . Currently, our observations of greenhouse gases are limited to in-situ (surface and tower sites) and sparse airborne measurements. Accurate global methane observations are urgently needed in order to better understand climate change and reduce uncertainty in the carbon budget. Initial space measurements of methane are starting to become available from the JAXA (Japan Aerospace Exploration Agency) GOSAT (Greenhouse gases Observing SATellite) mission [5] . The MERLIN (Methane Remote Lidar Mission) on a small satellite has been proposed by DLR (German Aerospace Center) and CNES (National Center for Space Studies) in the frame of a German-French climate monitoring initiative [6] .
At the NASA Goddard Space Flight Center (GSFC), we are developing a laser transmitter system for atmospheric methane measurements from an Earth-orbiting satellite. Our system is based on a nanosecond-pulsed optical parametric amplifier (OPA). An OPA is suited for this application since it can amplify a seed laser within the widely tunable gain bandwidth of the nonlinear crystal. Methane has an overtone absorption band at 1.6 µm, which has suitable strength for lidar measurement from space. The two laser sources an OPA needs, a 1064-nm Nd:YAG pump laser and a 1.6 µm semiconductor seed laser diode (LD), are both mature technologies and can readily be applied to spaceflight. Through the ground and airborne demonstrations shown in this paper, an OPA proved to be a very promising approach for the spaceborne measurement of methane, and possibly, numerous other gases. To our knowledge, the demonstrated 11-km altitude is the highest to date for a methane airborne lidar, while measurements from helicopters (~200-m altitude) have been performed by various groups (see, for example, [7] ). A nonlinear crystal was pumped by a pulsed 1064 nm laser and seeded by a continuous-wave distributed-feedback (DFB) LD at 1651 nm. The seed was amplified by the optical parametric process in the crystal. Output lights were filtered out so that only the amplified 1651 nm was used for the methane measurement. Reflective tape is used as a target in the ground demonstration. A topographical ground is used for the airborne demonstration. The reflected photons were collected by a 20-cm Cassegrain telescope and sent to the detector. We used a PIN detector and a photo-multiplier (PMT) for the ground and airborne measurements, respectively. Figure 2 (left) shows a photograph of the OPA system. All of the main optics were mounted on spring-free mounts, and further glued down to the baseplate for mechanical stability.
EXPERIMENTAL SETUP

OPA components
The pump source is a passively Q-switched, Nd:YAG non-planar ring oscillator (NPRO) made by Innolight Inc. (Germany) that emits single-frequency, single longitudinal-mode output at 1064.5 nm. It has 3.3-nsec pulse width and 60-μJ energy at about 6-kHz repetition rate. The optical linewidth of the NPRO is transform limited (~133 MHz). The seed source is a continuous-wave, polarization-maintaining fiber-coupled DFB LD. By tuning its injection current, the output signal can be tuned without a mode hop across the absorption peak of methane at 1651 nm. The two laser beams are focused down to a crystal by a common lens. The beam radii inside the crystal are ~100 μm and ~125 μm for the pump and the seed, respectively. With this pump beam size and energy, the crystal is operated near the threshold of optical parametric generation. The nonlinear crystal is 50-mm long, 1-mm thick MgO:PPLN. The end surfaces of the crystal were angled at 5° and anti-reflective coated. We used 31.0-μm grating at 128.4°C.
Characteristics of OPA output
With a 60-μJ pump and a 15-mW seed at 1651 nm, we obtained ~13-μJ signal output. The OPA output had ~2-nsec width and a distorted Gaussian pulse shape. The M 2 of the OPA output signal beam was ~1.3. Using measurements with a gas cell, the OPA's output linewidth was estimated to be ~500 MHz when averaged over the beam. The effect of the broadened linewidth on the measured mixing ratio was small, since a typical full-width half maximum (FWHM) linewidth of our target line is ~5 GHz under Earth's atmospheric pressure. For the ground demonstration, we set a cooperative hard target at 1493 m away, as shown in Figure 2 (right). The metal target was covered by automotive reflective tape and set on a cell phone tower. The reflected signal was detected by an InGaAs PIN detector. The pulsed signal from the detectors was averaged by boxcar averagers triggered by the residual pump pulse. In order to obtain temperature and atmospheric pressure measurements, which are needed to convert the measured absorption curve into mixing ratios, a weather station was set up outside. An in-situ cavity ring down spectrometer built by Picarro Inc. (USA) monitored the methane, carbon dioxide, and water mixing ratios of the outside air. The lidar system and the in-situ system were set up at Building 33 at GSFC, in Greenbelt, Maryland (USA).
GROUND DEMONSTRATION
Measurement arrangement
The calculation of the mixing ratio was done by fitting the scan result with the theoretical Voigt profile. The DFB laser was continuously scanned by a ramp voltage at 2-Hz rate. From the scan data, the baseline was determined by fitting to a polynomial function. The measured temperature, pressure, and round-trip path lengths were used to calculate the theoretical profile. Line parameters (center wavelength, line strength, etc.) were taken from the HITRAN 2008 database [8] . For the airborne demonstration, the InGaAs PIN detector was replaced by a near-infrared photo-multiplier (PMT), which detects a return signal from the earth's surface. The receiver was a commercial 20 cm diameter telescope whose output was coupled into a 600 µm multi-mode fiber, filtered by a narrow-band optical filter, and then directed onto the PMT. The full divergence of the transmitter beam and the receiver telescope's field of view were adjusted to be ~300 µrad. Two optical AR-coated windows were attached to the nadir port of the aircraft (DC-8 operated by NASA).
Ground demonstration results
Since the pump laser (and hence the OPA signal output) was passively Q-switched, having short pulse width and high peak power, the PMT cannot be efficiently used in the digital (photon-counting) mode. There were multiple (1~10) return photons within the pulse width of ~2 nsec, which was shorter than the pulse-pair resolution of the PMT. Therefore, we used the analog mode of PMT with relatively low high-voltage, and integrated the return pulse by the boxcar averager (as we did for the ground demonstration). To cope with the random timing of the outgoing pulse (due to the passive-Q nature) and the return pulse (due to the changing altitude), the timing for the integration and the wavelength scan were controlled by a field-programmable gate array (FPGA). Instead of the continuous seed wavelength scan, the seed (i.e., signal) wavelength was step-scanned by the FPGA, which was triggered by the (near random) pump pulse. We sampled 20 wavelength points across the 1650.9-nm CH 4 line pulse by pulse.
As shown in Figure 4 (left), the altitude of the aircraft varied from 3 km to 11 km. The resultant beam spot size was 0.9 m ~ 3.3 m on the ground. There were about ~300 scans in 1 second. The 1-sec data was accumulated by the FPGA and saved in the computer, together with the round-trip length estimated from the pulse timing. The same in-situ instrument used for the ground demonstration was put on board to monitor gas concentrations around the aircraft. The airplane provided ancillary data such as GPS position, pressure, temperature, and humidity. The measurement campaign was performed over the Central Valley, California (USA) in August 2011. The measured data was fitted to the theoretical profile, using the measured on-board data (temperature, pressure, CO 2 /H 2 O mixing ratio, wavelength), and modeled atmospheric data (surface temperature, pressure, and H 2 O mixing ratio). In the example shown in Figure 5 (left), the vertically uniform CH 4 mixing ratio was used as a fitting parameter. To reduce statistical error, 10 sec of the digitized data were averaged before the fitting. The 11.2-km range was split in 200 m vertical layers in order to derive the theoretical fitting curve. Each layer was assumed to have the Voigt profile. As shown in Figure 5 (right), the measured optical density and the range were linearly correlated as expected. (The range is the distance between the aircraft and the ground as measured by the lidar.) Figure 6 shows the range (top) and the calculated CH 4 dry air mixing ratio (bottom) as a function of time. For this flight, the retrieved CH 4 favorably compared with the on-board in-situ monitor until time ~3000 sec, between the 11 and 8 km range. After that, the cabin temperature variation caused misalignment between the transmitter and the receiver. It also caused uncorrectable instrument fringe variation.
CONCLUSIONS
Global methane observations are highly desirable in order to understand climate change. We demonstrated the detection of methane on the ground and from an airplane using an OPA transmitter at 1.6 µm. More instrument system improvements are needed to enable stable data acquisition and true CH 4 retrieval. However, the clean signal at ~11-km altitude shows that the OPA laser source and the measurement concept are very promising for spaceborne trace gas measurements. We will continue to improve the system, as well as to scale up the output power by >10 times, for spaceborne instruments.
